a2 United States Patent

US009184564B2

(10) Patent No.: US 9,184,564 B2

Kondo et al. 45) Date of Patent: Nov. 10, 2015
(54) EXTERNAL RESONATOR TYPE LIGHT (56) References Cited
EMITTING SYSTEM
U.S. PATENT DOCUMENTS
(71) Applicant: NGK INSULATORS, LTD., ]
Aichi-prefecture (JP) 5870417 A * 2/1999 V_erdlell etal. .. 372/32
5,914,972 A *  6/1999 Sialaetal. ... ... 372/33
N e
(72) Inventors: Jungo Kondo, Miyoshi (JP); Sheichiro 2’22;’}‘3‘2 gl ggggg glgashl """""" 385/49
A X . , ,567, oshida et al.
Yamaguchi, Ichinomiya (JP); Takashi 6,580,734 B1* 6/2003 Zimmermann ......... 372/29.02
Yoshino, Ama (JP); Yukihisa Takeuchi, .
Nagoya (JP) (Continued)
(73) Assignee: NGK INSULATORS, LTD., FOREIGN PATENT DOCUMENTS
Aichi-prefecture (IP) P 49-128689 A 12/1974
(*) Notice: Subject to any disclaimer, the term of this ® 56-148880 A ) 111981
patent is extended or adjusted under 35 (Continued)
US.C.154(b) by 0 days. OTHER PUBLICATIONS
(21)  Appl. No.: 14/258,212 Tanaka et al., “Hybrid-Integrated External-Cavity Laser Without
(22) Filed: Apr. 22, 2014 Te.:mperature-Dependent Mode Hopping,” Sep. 2002, Journal of
Lightwave Tech., vol. 20, No. 9, 1730-1739.*
(65) Prior Publication Data (Continued)
US 2014/0362886 Al Dec. 11, 2014
Primary Examiner — Joshua King
(30) Foreign Application Priority Data (74) Attorney, Agent, or Firm — Cermak Nakajima &
McGe LLP; Tomoko Nakaji
Jun.7,2013  (JP) oo 2013-120999 cowan LLE: 10MoRe Rakajima
(51) Int.ClL 57 ABSTRACT
HO01S 5/125 (2006.01) An external resonator type light emitting system includes a
HO1S 5/14 (2006.01) light source oscillating a semiconductor laser light and a
HO1S 5/022 (2006.01) grating device providing an external resonator with the light
HO1S 5/028 (2006.01) source. The light source includes an active layer oscillating
HOI1S 5/10 (2006.01) the semiconductor laser light. The grating device includes an
(52) US.CL optical waveguide having an incident face to which the semi-
CPC ..o HO1S 5/125 (2013.01); HO1S 5/02252 conductor laser is incident and an emitting face of emitting an
(2013.01); HO1S 5/141 (2013.01); HOLS 5/0287 emitting light of a desired wavelength, a Bragg grating
(2013.01); HOIS 5/1039 (2013.01) formed in the optical waveguide, and a propagating portion
(58) Field of Classification Search provided between the incident face and the Bragg grating.

CPC ..... HO1S 5/125; HO1S 5/02248; HO1S 5/141;
HO1S 5/146
See application file for complete search history.

Formulas (1) to (4) are satisfied.

10 Claims, 9 Drawing Sheets

J

Lwe

©
w

/“ / 116

IFATLTEGH E

Agll
R

5 4 7A | 78
14

AN
1

13 12 10



US 9,184,564 B2

Page 2
(56) References Cited Jp 2002-374037 A 12/2002
Jp 2003-110193 A 4/2003
U.S. PATENT DOCUMENTS Jp 2006-222399 A 8/2006
Jp 2010-171252 A 8/2010
6,614,822 B2 9/2003 Yoshida et al. WO WO2013/034813 A2 372013
6,952,437 B1* 10/2005 Bettiatietal. .................. 372/92
7,424,044 B2 9/2008 Zheng et al. OTHER PUBLICATIONS
200 17/6707261’2?3 izl * ggg(l)(l) I%zﬁil}r]l;agraft al """"""""" 372/43 Yamada, K., et al., “Highly Accurate Wavelength Control of External
2001/0046250 Al* 11/2001 Arbeletal. .. 372/108 Cavity Laser Module with Fiber Grating,” Technical Reports on
2003/0081646 Al*  5/2003 Bacher ........ccoevenn. 372/102 Fundamentals of Electronics, Communications and Computer Sci-
2004/0020893 AL~ 2/2004 Drake et al. ences, C-II, vol. J81, No. 7, pp. 664-665, Jul. 1998.
%883;8?32338 ﬁ} 2;3883 Si\];;?ilr?\éte;lal' """"""" 372/102 Zheng, Y., et al., “High-brightness narrow-bandwidth High-power
2004/0264514 AL* 122004 Ki ' 7220 laser-diode array based on an external-cavity technique,” Technical
2005/0018741 AL*  1/2005 Ni)nI;a“ uch1 """"""""""" 372/96 Reports on Fundamentals of Flectronics, Communications and Com-
2007/0127538 AL*  6/2007 Iee etgal """""""""" 372/97 puter Sciences, LQE, 2005, vol. 105, No. 52, pp. 17-20.
3012/0099611 Al* 4/2012 Kim et ai """ - 37220 Office Action from co-pending U.S. Appl. No. 14/258,240 (Jul. 20,
Lo 2015).
Tanaka, T., et al., “Hybrid-Integrated External-Cavity Laser Without
FOREIGN PATENT DOCUMENTS Temperature-Dependent Mode Hopping,” J Lightwave Technol.
P 05060927 A 3/1993 2002;20(9):1730-1739.
TP 10-98230 A 4/1998 European Search Report for European Patent App. No. 14171514.4
JP 11330508 A 11/1999 (May 12, 2015).
1P 2000-082864 A 3/2000 Office Action from Japanese Patent App. No. 2015-514679 (Jun. 25,
p 2001-272559 A 10/2001 2015).
Jp 2002-050827 A 2/2002
Jp 2002-134833 A 5/2002 * cited by examiner



U.S. Patent Nov. 10, 2015 Sheet 1 of 9 US 9,184,564 B2

16

1-|\

11b

Lwa

Fig. 1




U.S. Patent Nov. 10, 2015 Sheet 2 of 9 US 9,184,564 B2

T™—10

=

Fig. 2
Wm

11a

Ts




U.S. Patent Nov. 10, 2015 Sheet 3 of 9 US 9,184,564 B2

15

11b

Fig. 3

Ts

A



U.S. Patent Nov. 10, 2015 Sheet 4 of 9 US 9,184,564 B2

Fig. 4

11a

Ts 11
Tr

/ ( / Wm ! ;\}5




U.S. Patent Nov. 10, 2015 Sheet 5 of 9 US 9,184,564 B2

=
4

.7997
Temperature

=
?
s 8
-~
2y
& -ﬁ
R I~
QD
§-cs
o 3
o 2
=]
g &
S
Q
= o)
B
, I g
e 1 2
D =}
Q —-— - Rk ﬁjl
s8] e —
» )
§ S S SN . A .S
0<0 LD o (=}
Y handour*® =4
@ sarqurediWis dousnn o nnnnuld c— e o - - (=)
an u‘.‘ ;—ﬂ
LO =] *aaid, . ®
. g .~-..-.....:_::-,*."'.1-"""‘/ 7 g E () lame  sewm e
o O — B T s 3| AR S
» oed ® | == - 2
oy S > CJ ik ahe MM
2, 2
5
e
j

0.7895

gmmh@mvmc\l—

(%) 9OUBIDBYBY

0




US 9,184,564 B2

Sheet 6 of 9

Nov. 10, 2015

U.S. Patent

(mwi
qr7 184R] 8A130€ JO Y18uaT)
Is4e] aamde

(un) y
$008°0 $008°0 £008°0 20080 10080 B0 6664086540 L66L0966L05G66L0

Jo aseyyg

durjeas Jo aseydq

2d7="107+"

50080 POOB'0 £008'0 20080 10080 8

[ e e

S T

[P VAPV PR

£
=
-
o
1

ez ]
~

FUPVRRIS ST

R B gy

¥
T
1
1
L
+
4
v
]
|
L
)
]
*
[}
i
r
1
i
i
¥
i
T
3
i
¥
]
3

o e i m n o e v o e e e o

|

R i ik IR SRS TRCAET] ATy

09¢

D 6661°0B66L0L66L0966L0G66LC

o

<t
{9%6)90uejoayay

it

UOHIPU0D 88BY{ |




US 9,184,564 B2

Sheet 7 of 9

Nov. 10, 2015

U.S. Patent

S1080D £108°0 11080 6008°C L0080 S008C EQOS0 10080 666L°0 L66L0566L0
)

S1080 EL0B0 11080 6008°C 4PO80 50080 £008'0 1008°0 666L°0 L66L'0 566

WG|~y

(ui) ¥

R
o oo o0 4
'IJ'I
I R

TR

bo om v by n

-y

b

L S len d I Ny Y A RO NN I g
b Balalh 3 Jjﬁ!ﬂl#ﬁ:J " Mt i it 7 T Te=3 T 1 Q
PG RN L B .

BHI&II+I!$IIL|lLlillﬁﬂr’QTllTlthefitfi(rlt;$!+lta!sa!$|
li!rilVllhllhllLl]hl!LlIJ!lJlllrllfl'ftuWL‘*AlWIlwltkilhllﬂll(
+ : I i ] 3, H H H i

D R bt L e e et L T Sk

ill1|i%ll4ll45‘ll‘4||J!|JilJltlWQl1(|ﬂllﬁiiﬂllﬂ3!41!#!!. - - o

H : E) 1 i i i 4 * 1 1 i 3 1] T i L
e R LR RS T L E RS TR EEY it Rl B Tl
P R R R R L R L S e R e I R
P b L T B e T e I R R R e R e
fsmehmeboabacvivadnndoedondnnd

R SRR [N SR [ S PR S
o e £ : 1 ¥ X 3 ' '

4 i i 1 ] ¢
B e i O oy e R Y EE R L R

[ S S SISO MR RO, I * Y SO SIS U DI RN SIS S

v rm g oo Ty R yr—-
..oairclLll.ﬂunLlrLun‘r*ﬂh.ruE ..P‘(.. qﬁtn;ul.—-n:
NS SIREVEISPSINT NS SRR Mtyn ) V1P e adued 71 PPN Y 0. VSNSRI S
T T R T T T T T T R B ;
O S PO SR IFONPUN 2 MU N AN M ol L R UTLITVN) i A
ill!ﬂ»!idaiqsi._)..J:lJttt.ailﬂ.ttWic«....J-«.l_..u‘.wll. PR QR P
....4|..ql._.._.l..nln...._...:._..v......:.1...:..2...s.«.........cwsxa:,.arl..n
PR o - R FUUNY WP S U UPVE S APOPOy SPUPU | i Ny
P ot e = i e o]
s :

b wmdm et e e e e e o e
- ......N....l.....‘..ll._-u.*l....

N e .
h ? ) A g 1] 7 1] R 1
[~ e o L AR e S St Sabais b Sy
e i e P g o = oy
i;..?..l11.....T’Iv.-ilTilT!lTllfllil(-vll‘l*lll
3, 1 4. Hl 3 3 k} 5 i, L} 3 i

(uif) Y

1 ] k) ¥ 1 1 LI T T ]
t s i 3 . s .
i 3 i 1 H H
1 t : t H 3 1
M‘ + i t H ¥ f - i
b R R PURPURFUPI SUNNSER NS WU AN S S P . DI
+ ] s = H S
H 1 3 H H €
3 1 1 i ¥ s 1
L 1 t 3 3 b 1
¥ 1 1 g 1 3 : ]
J T P L b e e e i e e e e de e e e b B A s w d  we s e o o m o e s g
H i 1 3 t 5 1 H 3
« s 1 : i . £ B %
H ] 1 [ ' 5 t 1 $
¢ 1 ] 3 1 : 1 ¥ 3
1 1 3 H 1 H L) 3 *
o T B L T T R
3 1 t ] 1 H 11 3 t
t 4 k] ! 1 ‘ 1 + H
+ 1 3 [ 1 . 1 3 [
§ H 3 3 ] H 1 I 2
' 4 1 3 ) i [} 3 1]
R L e Y e D T R R R R R
i 1 i 4 1 : 1 i ¥
1 L] ? g 1 H £ ) ¥
3 1 1 1 3 H ) 1 ]
3 L] 1 H 3 i H i i
H 1 4 3 1 : 2 A 4

o1

FIEIE R e i Y 3 o 3]

(NI I RN W

{ YIASVHd

(94 ) soUBIOBY8Y



US 9,184,564 B2

Sheet 8 of 9

Nov. 10, 2015

U.S. Patent

Wwu g

3

-

$0080

(v )Y yyauaiaaep

£008°¢ L0080 1 6664°0 LB6L°0 G66L0
— <Ny °
] |

\ o4 :

Vo :

Vo w

v/ : \u 8
WZO~YNT. ] ;

\ o ﬁ

/ 1 \ 8

W m

< 01

(96) 9ouel08)joy

UOTITPUOI 9SBY J

(UOTITPUOD UIRL))
S2TISLISIOBIBTD
30UBIIPPIY



US 9,184,564 B2

Sheet 9 of 9

Nov. 10, 2015

U.S. Patent

UOTJIPUOD ASBYJ

| wug'|
]
) ¥
1080 CLOS0 LEOS0 60080 0P80 008'0 £008°0 10080 66640 (6610 56640

H H i 11 H H H H H 0
! : i
i i 3 H }
i.!%f;l-Ji!tJ?!iJiii R R aads St N.\-ﬁ.ﬂ
1
WUE bR Y XZ -y £ g § 2
* “ " . Py (TOTITPUOD UTeL))
H i H 1 3 ] i i t vt *
A U S S DD ST (NP RPN B - m. SOTISLIOIIRIBYD
H H { H i H i H i
U TR TR SN WD DNDRUNEE BUDURE SIS SIS SN mm DOUEBIIB[IOY
H 3 3 ] i ] H H H
SRS WS NRUUNS AU SO SOV SUSIUNY SR SRR SRS I A=
N R | b Rk Rtk EEEE EERS EERE e
i H } i i 32 3 H $ [-)
i 1 H H i H ] i ¥
A ORI SRR SV SR IPIUPPIPE S SPNIVRPUR RRp: B ¢
i i i i i i H H {
/USRI ST SNUIDIUIIS SN SUVIRUUIVOIN. SUIUIY SEVIIRURI SNV SRR ST IUR.: m
i 1 i H 1 i H i i
i i } i i i ] 1 i omv

6 314



US 9,184,564 B2

1
EXTERNAL RESONATOR TYPE LIGHT
EMITTING SYSTEM

This application claims priority under 35 U.S.C. §119 to
Japanese Patent Application No. 2013-120999, filed Jun. 7,
2013, which is incorporated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an external resonator type
light emitting system.

2. Related Art Statement

It has been generally utilized a semiconductor laser of
Fabry-Perot (FP) type including an optical resonator con-
structed with an active layer and mirrors provided on both end
faces of the active layer. However, according to such FP type
laser, light is oscillated at a wavelength satisfying conditions
for oscillating standing waves. The longitudinal mode thus
tends to be of multi mode, and the oscillating wavelength is
changed particularly when a current or temperature is
changed, resulting in a change of optical intensity.

Therefore, for the purpose of optical communication or gas
sensing, it is required a laser capable of single mode oscilla-
tion and with good stability of wavelength. It has been thereby
developed a distributed feed-back (DFB) laser and a distrib-
uted reflection (DBR) laser. According to these laser systems,
diffraction gratings are provided in a semiconductor material
to oscillate light having only a specific wavelength utilizing
the dependency of the gratings on wavelength.

According to the DBR laser, concaves and convexes are
formed on a surface of a waveguide extended from a
waveguide of the active layer to provide a mirror utilizing
Bragg reflection for realizing a resonator (Patent Document
1; Japanese Patent Publication No. S49-128,689A; Japanese
Patent Document 2; Japanese patent Publication No. S56-
148,880A). Since diffraction gratings are provided on both
ends of the optical waveguide layer according to the laser,
light emitted from the active layer is propagated through the
optical waveguide layer, and a part of the propagating light is
reflected by the diffraction gratings, returned into a current
injection part and then amplified. As light component having
oily a single wavelength is reflected at a specific direction
from the diffraction grating, the wavelength of the laser light
is made constant.

Further, as the application, it was developed an external
resonator type semiconductor laser including a diffraction
grating as a part separated from the semiconductor to form an
external resonator. Such type of laser provides one having
stability of wavelength, stability of temperature and control-
lability. The external resonator includes a fiber Bragg grating
(FBG) (Non-patent document 1) and a volume hologram
grating (WIG) (Non-patent document 2). Since the diffrac-
tion grating is composed of a member separated from the
semiconductor laser, it is characteristic that its reflectance and
length of the resonator can be independently designed. And,
since it does not affected by elevation of temperature rise due
to heat generation caused by current injection, it is possible to
further improve the stability on wavelength. Further, the tem-
perature dependency of refractive index of the semiconductor
is different, it is possible to improve the stability on tempera-
ture can be improved by designing the refractive index
together with the length of the resonator.

According to Japanese Patent document 6 (Japanese Patent
Publication No. 2002-134,833A), it is disclosed an external
resonator type laser utilizing a grating formed in a waveguide
composed of quartz glass. It aims at providing a frequency-
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2

stable laser suitably used in environment under which room
temperature is considerably changed, (for example, up to 30°
C. or higher) without a temperature controller. It is further
described to provide a laser free from temperature depen-
dency with mode hopping prevented and without dependency
of oscillating frequency on temperature.

PRIOR ARTS

(Patent document 1) Japanese Patent Publication No. S49-
128,689A

(Patent document 2) Japanese Patent Publication No. S56-
148,880A

(Patent document 3) WO 2013/034,813

(Patent document 4) Japanese Patent Publication No. 2000-
082,864A

(Patent document 5) Japanese Patent Publication No. 2006-
222,399A

(Patent document 6) Japanese patent Publication No. 2002-
134,833A

(Non-Patent document 1) “Transactions on Fundamentals of
Electronics, Communications and Computer Sciences”
C-II Vol. J81, No. 7 pp. 664-665, 1998 July

(Non Patent document 2) “Technical Reports on Fundamen-
tals of Electronics, Communications and Computer Sci-
ences” LQE, 2005, Vol 105, No. 52, pp. 17-20

SUMMARY OF THE INVENTION

The non-patent document 1 refers to the mechanism of
mode hopping deteriorating stability on wavelength accom-
panied with temperature rise and a method of solving it. An
amount dAs of change of wavelength of an external resonator
type laser depending on temperature is expressed as the fol-
lowing formula based on standing wave condition, provided
that Ana is assigned to a change of refractive index of active
layer region of a semiconductor, La is assigned to a length of
the active layer, Anf and Lf are assigned to a change of
refractive index and length, respectively, of FBG region, and
dTa and 6T are assigned to changes of temperatures of them,
respectively.

AnygLys
nels +ngl,

S =2 neL, " Formula (A)
° T Onfo+naLa *

Ty

Here, MO represents a wavelength of reflection by a grating
at initial stage.

Further, a change dAG of a wavelength of reflection of the
grating is represented according to the following formula.

Any Formula (B)
g =2g—0T5
ny

Mode hopping is caused when a longitudinal mode spacing
AM of'the external resonator equals to a difference between the
amount of change of wavelength dAs and amount dAG of
change of reflection wavelength of the grating, so that the
following formula is satisfied.

Ang Formula (C)
AA =64, — /Ion—éTf
f
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The longitudinal mode spacing AA is represented approxi-
mately according to the following formula.

/\% Formula (D)

A= nyLy +1aLy)
Formula (E) is satisfied based on the formulas (C) and (D).

Ao
2n,Ls(Ang [ng — Ang [ny)

Formula (E)

ATy =

For preventing the mode hopping, it is necessary to use
within a temperature range smaller than ATall, so that the
temperature is controlled by using a Peltier device. According
to the formula (E), in the case that the changes of the reflective
indices of the active layer and grating layer are the same
(Ana/na=Anf/nf), the denominator becomes zero and the tem-
perature for causing the mode hopping becomes infinite
value, indicating that the mode hopping would not occur.
According to a monolithic type DBR laser, however, since
current is injected into the active layer for laser oscillation, the
changes of the refractive indices of the active layer and grat-
ing layer cannot be matched with each other, resulting in the
mode hopping.

The mode hopping is the phenomenon that the oscillating
mode (longitudinal mode) within the resonator is shifted from
one mode to another mode. As the temperature or injection
current is changed, the conditions of the gain and resonator
are changed and the wavelength of the oscillated laser is
thereby changed, resulting in the problem, called kink, that
the optical power is deviated. In the case of an FP type GaAs
semiconductor laser, therefore, the wavelength is normally
changed at a temperature coefficient 0of 0.3 nm/° C., and more
considerable deviation would occur when the mode hopping
takes place. At the same time, the output is changed by 5
percent or more.

Therefore, for preventing the mode hopping, a Peltier
device is used for controlling the temperature. A number of
parts are thereby increased, the size of a module is enlarged
and its cost is made high.

According to the patent document 6, for preventing the
dependency on temperature, the structure of a prior resonator
itself is maintained and a stress is applied on an optical
waveguide layer to compensate a temperature coefficient due
to the thermal expansion to realize the non-dependency on
temperature. Therefore, a metal plate is adhered onto the
device and it is further added a layer of adjusting the tempera-
ture coefficient within the waveguide. There is a problem that
the resonator structure is further enlarged.

An object of the present invention is to reduce the mode
hopping, to improve the stability on wavelength and to reduce
the deviation of an optical power, without using a Peltier
device.

The present invention provides an external resonator type
light emitting system comprising a light source oscillating a
semiconductor laser light and a grating device providing an
external resonator with the light source;

wherein the light source comprises an active layer oscillat-
ing the semiconductor laser light;

wherein the grating device comprises an optical waveguide
comprising an incident face for making the semiconductor
laser light incident and an emitting face of emitting an emit-
ting light having a desired wavelength, a Bragg grating
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formed in the optical waveguide, and a propagating portion
provided between the incident face and the Bragg grating; and
wherein the following formulas (1) to (4) are satisfied.

Ahg=0.8 nm (D

L,<500 pm )

<500 pm 3)

1n,=21.8

Q)

(Ahg represents a full width at half maximum of a peak of
a Bragg reflectance in the formula (1).

L, represents a length of the Bragg grating in the formula
2.

L, represents a length of the active layer in the formula (3).

n, represents a refractive index of a material forming the
Bragg grating in the formula (4).)

According to a preferred embodiment, the relationship of
the following formula (5) is further satisfied.

dlg  diru
dr "~ dT

®

=0.03 am/° C.

(d\5/dT represents a temperature coefficient of a Bragg
wavelength, and

dA,/dT represents a temperature coefficient of a wave-
length satisfying a phase condition of an external resonator
laser in the formula (5).)

According to a preferred embodiment, the following for-
mulas (6) to (8) are satisfied,

Lye=<600 pim (6

1 pms=Z =10 pm (7

20 umsL,, <100 pm )

(L represents a length of the grating device in the for-
mula (6).

L, represents a distance between an emitting face of the
light source and the incident face of the optical waveguide
layer in the formula (7).

L,, represent a length of the propagating portion in the
formula (8).)

According to the present invention, it is possible to reduce
the mode hopping, to improve the stability on wavelength and
to reduce the deviation of the optical power without the use of
a Peltier device.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a view schematically showing an external reso-
nator type light emitting system.

FIG. 2 is a cross sectional view of a grating device.

FIG. 3 is a perspective view schematically showing the
grating device.

FIG. 4 is a cross sectional view showing another grating
device.

FIG. 5 is a diagram for illustrating pattern of mode hopping
according to a prior art.

FIG. 6 is a diagram for illustrating pattern of mode hopping
according to a prior art.

FIG. 7 is a diagram for illustrating pattern of mode hopping
according to the inventive example.

FIG. 8 shows reflection characteristics (gain condition) and
phase condition in a prior structure.
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FIG. 9 shows reflection characteristics (gain condition) and
phase condition in a structure of the invention.

EMBODIMENTS OF THE INVENTION

An external resonator type light emitting system 1, sche-
matically shown in FIG. 1, includes a light source 1 oscillat-
ing a semiconductor laser light, and a grating device 9. The
light source 2 and grating device 9 are mounted on a common
mount 3.

The light source 2 includes an active layer 5 oscillating the
semiconductor laser light. According to the present embodi-
ment, the active layer 5 is provided on a substrate 4. A reflec-
tion film 6 is provided on an outer end face of the substrate 4,
and a antireflection layer 7A is formed on an end face of the
active layer 5 on the side of the grating device.

As shown in FIGS. 1 and 3, in the grating device 7, it is
provided an optical waveguide including an incident face
1154, to which a semiconductor laser light A is incident, and an
emitting face 115 of emitting emission light B of a desired
wavelength. C represents reflected light. A Bragg grating 12
is formed in the optical waveguide 11. A propagating portion
13 without a diffraction grating is provided between the inci-
dent face 11a of the optical waveguide 11 and the Bragg
grating 12, and the propagating portion 13 opposes to the
active layer 5 through a spacing 14. 7B represents an antire-
flection film provided on the side of the incident face of the
optical waveguide 11, and 7C represents an antireflection film
provided on the side of the emitting face of the optical
waveguide 11. According to the present example, the optical
waveguide 11 is of a ridge type optical waveguide, and pro-
vided on a substrate 10. The optical waveguide 11 may be
formed on the same face or on the opposing face as the Bragg
grating 12.

The reflectance of each of the antireflection films 7A, 7B
and 7C is smaller than, and may preferably be 0.1 percent or
lower of, a reflectance value of the Bragg grating.

As shown in FIG. 2, according to the present example, a
high refractive index layer 11 is formed on the substrate 10
through an adhesive layer 15 and a lower buffer layer 16, and
anupper buffer layer 17 is formed on the high refractive index
layer 11. For example, a pair of ridge grooves 19 is formed in
the high refractive index layer 11, and a ridge type optical
waveguide 18 is formed between the ridge grooves. In this
case, the Bragg grating may be formed on a flat face 11a or
face 115. On the viewpoint of reducing deviation of shape of
the Bragg grating or ridge groove, the Bragg grating is pref-
erably formed on the face 11a so that the Bragg grating and
ridge grooves 19 are provided on the opposite sides of the
substrate.

Further, according to a device 9A shown in FIG. 4, the high
refractive index layer 11 is formed on the substrate 10 through
the adhesive layer 15 and lower buffer layer 16, and the upper
bufferlayer 17 is formed on the high refractive index layer 11.
For example a pair of the ridge grooves 19 is formed on the
side of the substrate 10 in the high refractive index layer 11,
and the ridge type optical waveguide 18 is formed between
the ridge grooves 19. In this case, the Bragg grating may be
formed on the side of the flat face 114 or on the face 115 with
the ridge grooves formed. On the viewpoint of reducing the
deviation of shape of the Bragg grating or ridge groove, the
Bragg grating may preferably be formed on the side of the flat
face 11a so that the Bragg grating and ridge grooves 19 are
provided on the opposite sides of the substrate. Further, the
upper buffer layer 17 may be omitted, and in this case, air
layer can be directly contacted with the grating. It is thus
possibleto increase a difference of the refractive indices in the
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cases that the grating groove is present and absent, so that it is
possible to make the reflectance larger with the grating having
a smaller length.

As the light source, it is preferred a laser of a GaAs series
material or InP series material having high reliability. As an
application of the inventive structure, for example, in the case
that a non-linear optical device is utilized to oscillate green-
light laser as a second harmonic wave, it is to be used laser of
GaAs series oscillating at a wavelength around 1064 nm. As
the reliability of the GaAs series or InP series laser is excel-
lent, it is possible to realize a light source such as a laser array
or the like composed of lasers arranged one-dimensionally. It
may be used a super luminescence diode or a semiconductor
optical amplifier (SOA). Further, the material and wavelength
of the active layer may be appropriately selected.

The ridge type optical waveguide may be obtained by
physically processing and shaping with, for example, grind-
ing by means of a peripheral cutting edge or laser ablation.

The Bragg grating may be formed by physical or chemical
etching as follows.

Specifically, a metal film such as Ni or Ti is formed on the
substrate of a high refractive index, and windows are periodi-
cally formed by photolithography to form a etching mask.
Thereafter, a dry etching system, such as a reactive ion etch-
ing system, is utilized to form the grating grooves periodi-
cally. At last, the metal mask is removed to form it.

In the high refractive index layer, for further improving the
resistance against optical damage of the optical waveguide, it
may be contained one or more metals selected from the group
consisting of magnesium (Mg), zinc (Zn), scandium (Sc) and
indium (In), and in this case, magnesium is most preferred.
Further, in the crystal, it may be contained a rare earth element
as a dopant. The rare earth element may preferably be Nd, Er,
Tin, Ho, Dy or Pr.

The material of the adhesive layer may be an inorganic
adhesive, or an organic adhesive, or a combination of the
inorganic and organic adhesives.

Further, the high refractive index layer 11 may be formed
by a film-forming method on a supporting body. Such film-
forming method includes sputtering, vapor deposition or
CVD. In this case, the above described adhesive layer is not
necessary.

Specific material of the supporting body is not particularly
limited, and includes lithium niobate, lithium tantalate, a
glass such as quartz glass, quartz, Si or the like.

The reflectance of the antireflective film is necessarily
lower than the reflectance of the grating. The material of the
film forming the antireflective film includes a film formed by
lamination of oxides such as silicon dioxide, tantalum pen-
toxide or the like and a metal.

Further, the end faces of the light source device and grating
device may be cut in an inclined direction for reducing the
reflection at the end faces, respectively. Further, although the
grating device and supporting body may be joined by fixing
by adhesion according to the example of FIG. 2, they may be
directly joined with each other.

The meaning of the conditions defined in the formulas (1)
to (8) will be further described below.

As mathematical formulas are abstract and difficult to
understand, however, typical embodiments of a prior art and
the present invention will be directly compared with each
other first to describe the characteristics of the present inven-
tion. The conditions of the present invention will be then
described.

First, condition for oscillating a semiconductor laser is
decided on the gain condition and phase condition, as the
following formula.



US 9,184,564 B2

7

(Cou)Ir I lexp{(C.gm—0a)L i~ 0Ly} xexp{j(~¢;~

$:-2BL,)}=1 @1

The gain condition is expressed as the following formula
from the formula (2-1).

1 1 Formula (2-2)
SRR BV L B
° Lo \jrtl 1721

Besides, ca and ab are loss coefficients of the active layer
and grating layer, respectively, La and Lb are lengths of the
active layer and grating layer, respectively, rl and r2 are
reflectances of a mirror (r2 represents a reflectance of the
grating), Cout represents a connection loss of the grating
device and light source, C,g,, represents a gain threshold value
of a laser medium, ¢1 represents an amount of change of
phase due to a reflection mirror on the side of the laser, and ¢2
represents an amount of change of phase in the grating por-
tion.

The formula (2-2) indicates that laser oscillation occurs in
the case that the gain C g, (gain threshold value) of the laser
medium exceeds the loss. The gain curve (dependency on
wavelength) of the laser medium provides a full width at half
maximum of 50 nm or larger and exhibits broad characteris-
tics. Further, the loss part (right column) shows hardly any
dependency on wavelength other than the reflectance of the
grating, so that the gain condition is decided on the grating. As
a result, as shown in the comparison table, the gain condition
can be evaluated only by the grating.

On the other hand, the phase condition is as shown in the
following formula from the formula (2-1). However, ¢1
becomes zero.

$-+2PL,=2pm (p represents an integer) Formula (2-3)

As to the external resonator type laser, it has been commer-
cialized those utilizing an external resonator including quartz
glass optical waveguide or FBG. According to prior design
concept, as shown in table 1 and FIGS. 5 and 6, the reflection
characteristic of the grating was AAg of about 0.2 nm and a
reflectance of 10 percent. The length of the grating portion
was thereby made 1 mm. On the other hand, as to the phase
condition, the wavelength satistying it takes discrete values
and it is designed so that the formula (2-3) is satisfied at two
or three points within AAg. It becomes thereby necessary the
active layer of the laser medium whose length is large, and it
has been used the active layer having a length of 1 mm or
larger.

TABLE 1

Prior structure Present invention

Reflection FIG. 8 FIG. 9
Characteristics
(gain condition)
and
Phase condition
Material FBG, LN (used for ordinary
glass waveguide light),
GnAs, Ta,Os,
ZnO, Al,O,
Length of grating Comparative Example: 100 pm
Lb Example: 1 mm
Length of LD Comparative Example: 300 pm

Active Layer
Mode hopping
Temperature
(operational
temperature range)

Example: 2.1 mm
Comparative
Example: 5° C.

Example: 60° C.
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TABLE 1-continued

Prior structure Present invention

0.01 nm/° C.
Deviation of power
by mode hopping:
5% or larger
Temperature control  Peltier device is not needed
with Peltier device

is needed

0.05 nm/° C.
3% or smaller

Change of wavelength
Deviation of power

Notes

In the case of a glass waveguide or FBG, the dependency
Ag on temperature is very small, and dA/dT becomes about
0.01 nm/° C. As a result, the external resonator type laser has
the characteristics of stability on wavelength.

Contrary to this, the dependency of the wavelength satis-
fying the phase condition on temperature is large and dA /dT
is 0.05 nm/° C., and the difference reaches 0.04 nm/° C.

Generally, the temperature T,,, at which the mode hopping
takes place can be considered as the following formula based
on the non-patent document 1 (It is provided that Ta=Tf).

AGp,, is a spacing (longitudinal mode spacing) of the
wavelengths satisfying the phase condition of the external
resonator type laser.

T AGry Formula (2-4)
A d/lm‘
dT ~ dT

As aresult, T,,, becomes about 5° C. according to a prior
art, so that it is susceptible to the mode hopping. In the case
that the mode hopping occurs, the power is deviated based on
the reflection characteristics of the grating by 5 percent or
more.

As described above, in actual operation, a Peltier device
has been used to perform temperature control in the prior
external resonator type laser utilizing the glass waveguide or
FBG.

Contrary to this, the present invention utilizes the grating
device in which the denominator of the formula (2-4)
becomes small as a precondition. It is needed that the denomi-
nator of the formula (2-4) is made 0.03 nm/° C. or lower, and
specific material may preferably be gallium arsenide (GaAs),
lithium niobate (ordinary light), tantalum oxide (Ta,O;), zinc
oxide (Zn0O), or aluminum oxide (Al,O;). For example, in the
case that lithium niobate (ordinary light) is used, that AA; is
designed at about 1.3 nm and that the length of the active layer
is made 250 um for making two wavelengths satisfying the
phase condition are present within AA s, AG,, becomes 1.2
nmand T,,, becomes 60° C. for example, so that it is possible
to enlarge the operational temperature range. FIG. 7 shows
this example.

That is, according to the inventive structure, although the
oscillating wavelength is changed at 0.05 nm/° C. based on
the temperature characteristics of the grating with respect to
the temperature change, it is possible to make the mode
hopping difficult to take place. According to the inventive
structure, the length Lb of the grating is made 100 um for
enlarging A, and La is made 250 um for enlarging AG .

Besides, the difference over the non-patent document 6 is
supplemented.

The present invention is to realize the non-dependency on
temperature by making the temperature coefficient of the
wavelength of the grating closer to the temperature coefficient
of the longitudinal mode, so that it is possible to make the
resonator structure compact without the necessity of an addi-
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tional part. According to the patent document 6, each param-
eter is described as follows, which is within a range of a prior
art.

Ahs=0.4 nm

Spacing of longitudinal mode AG,,,0.2 nm

Length of grating Lb=3 mm

Length of LD active layer=600 pm

Length of propagating portion=1.5 mm

Each condition of the present invention will be described
further below.

The full width at half maximum Al in a peak of Bragg
reflectance is made 0.8 nm or higher (formula 1). A repre-
sents Bragg wavelength. That is, as shown in FIGS. 5, 6 and
7, in the case that the horizontal axis is assigned to the reflec-
tion wavelength by the Bragg grating and the vertical axis is
assigned to the reflectance, the wavelength at which the
reflectance takes the maximum is assigned to the Bragg wave-
length. Further, in the peak whose center is positioned at the
Bragg wavelength, a difference of two wavelengths at which
the reflectance takes a half of the peak maximum is assigned
to a full width at half maximum AA.

The full width at half maximum AA at the peak of the
Bragg reflectance is made 0.8 nm or larger so that the peak of
the reflectance is made broad as shown in FIG. 7. On the
viewpoint, the full width at half maximum AA; may prefer-
ably be made 1.2 nm or larger and more preferably be made
1.5 nm or larger. Further, full width at half maximum Ai
may preferably be made 2 nm or smaller.

The length Lb of the Bragg grating is made 500 um or
smaller (formula 2). The length Lb of the Bragg grating is a
length of the grating in the direction of an optical axis of light
propagating in the optical wave guide. It is a precondition of
the inventive design concept to shorten the length Lb of the
Bragg grating to 500 um or smaller, which is shorter than that
in a prior art. On the viewpoint, the length Lb of the Bragg
grating may preferably be made 300 um or smaller.

The length La of the active layer is also made 500 pm or
smaller (formula 3). It is also a precondition of the inventive
design concept to shorten the length [a of the active layer than
that in a prior art. On the viewpoint, the length La of the active
layer may preferably be made 300 pm or smaller. Further, the
length La of the active layer may preferably be made 150 pm
or larger.

The refractive index n, of a material forming the Bragg
grating is made 1.8 orhigher (formula 4). According to a prior
art, it has been generally used a material having a lower
refractive index such as quartz. According to the concept of
the present invention, the refractive index of the material
forming the Bragg grating is made higher. The reason is that
the material having a larger refractive index provides a larger
dependency of the refractive index on temperature, and that
T,,, of the formula (2-4) can be made larger. On the view-
point, n, may more preferably be 1.9 or higher. Further,
although the upper limit of n, is not particularly defined, it
may preferably be 4 or lower because the formation of the
grating may be difficult in the case that the grating pitch is too
small.

In addition to this, the condition defined in the formula (5)
is important.

In the formula (5), dA/dT represents a temperature coef-
ficient of the Bragg wavelength.

Further, A,,/dT represents a temperature coefficient of
wavelength satisfying the phase condition of the external
resonator laser.

Here, A, represents a wavelength satisfying the phase
condition of the external resonator laser, that is, the wave-
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length satisfying the phase condition of the formula (2-3) as
described above. This is called “longitudinal mode” in the
specification.

The longitudinal mode will be supplemented below.

Since ¢2+2pLa=2p mwand =2 7/A according to the formula
(2-3), A satisfying them is assigned to A, 2 represents a
change of phase of the Bragg grating, and is calculated
according to the following formula.

—jxtanh(yL,)

= ¥ (@ 2+ jonanhiyy) - xR0

"2

AG ,, represents a spacing (longitudinal mode spacing) of
the wavelengths satisfying the phase condition of the external
resonator laser. Since a plurality of A, , are present, it means
a difference of a plurality of A .

Therefore, by satistying the formula (5), it is possible to
make the temperature of mode hopping higher to prevent the
mode hopping in a practical view. The numerical value of the
formula (5) may more preferably be made 0.025 or lower.

The length L, of the grating device is made 600 pm or
smaller (formula 6). It is also a precondition of the present
invention to shorten it as Lb. On the viewpoint, L, may
preferably be 400 um or smaller and more preferably be 300
um or smaller. Further. L, may preferably be 50 um or
larger.

The distance Lg between the emitting face of the light
source and incident face of the optical wave guide is made 1
um or larger and 10 pm or smaller (formula 7). The stable
oscillation can thereby be realized.

The length Lm of the propagation portion is made 20 um or
larger and 100 pum or smaller (formula 8). The sable oscilla-
tion can thereby be realized,

EXAMPLES
Inventive Example

It was fabricated the system shown in FIGS. 1 to 3.

Specifically, Ni film was formed on a substrate composed
of z-plate of lithium niobate crystal doped with MgO, and
photolithography technique was utilized to produce grating
pattern in the direction of y-axis. Thereafter, reactive ion
etching was performed using the Ni pattern as a mask to form
grating grooves atapitch spacing A of 180 nm and alength L.g
of 100 um. The depth of the grating groove was 300 nm.
Further, for forming the optical waveguide for propagation in
y-axis, the grooves each having a width Wm of’3 um and Tr of
0.5 um were processed in the grating portion by means of
excimer laser. Further, the buffer layer 17 made of SiO, and of
0.5 um was formed by a sputtering system on the face with the
grooves formed thereon, and a black LN substrate was used as
the supporting body to adhere the face with the grating
formed thereon.

Then, the black LN substrate was adhered onto a polishing
surface plate and the back face of the LN substrate with the
grating was subjected to precision polishing to a thickness
(Ts) of 1 um. Thereafter, it was removed off from the surface
plate and the buffer layer 16 composed of SiO, and of 0.5 pm
was formed an the polished face by sputtering.

Thereafter, the assembly was cut into bars by means of a
dicing equipment and both end faces of the bar was subjected
to optical polishing. AR coatings of 0.1% or lower were
formed on the both end faces, respectively, and the bar was cut
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into chips to produce the grating devices. The size of the
device was a width of 1 mm and a length L of 500 pm.

As to the optical characteristics of the grating device, a
super luminescence diode (SLD), a light source for wide band
wavelength, was used to input light into the grating device and
its output light was analyzed by an optical spectrum analyzer
to evaluate the reflection characteristics based on the trans-
mitting characteristics. As a result, it was obtained the char-
acteristics that the central wavelength was 800 nm, maximum
reflectance was 3 percent and full width at half maximum Ai;
was 1.3 nm with respect to polarized light (ordinary light) in
the direction of x axis.

Then, for evaluating the characteristics of the external reso-
nator laser utilizing the grating device, the laser module was
mounted as shown in FIG. 1. As the light source device, it was
prepared one having a GaAs series laser structure, in which a
high refractive index film was provided on its one end face
and an AR coating of a reflectance of 0.1% was provided on
the other end face.

Specification of the Light Source Device:

Central wavelength; 800 nm

Length of laser device; 250 pm

Specification of Mounting

Lg: 3 um

Lm; 20 pm

After mounting the module, the device was driven under
current control (ACC) without utilizing a Peltier device to
obtain the laser characteristics of a central wavelength of 800
nm and an output power of 50 mW. Further, the module was
set in a thermostatic bath for evaluating the operational tem-
perature range to measure the temperature dependency of the
laser oscillating wavelength, the temperature with the mode
hopping occurred and the deviation of output power. As a
result, the temperature coefficient of the oscillating wave-
length was 0.05 nm/° C., the temperature of the mode hopping
was 60° C., and the deviation of the output power was within
1 percent (FIGS. 5 and 7).

Comparative Example

As the Inventive Example, Ni film was formed on a sub-
strate composed of z-plate of lithium niobate crystal doped
with MgO, and photolithography technique was utilized to
produce grating pattern in the direction of'y-axis. Thereafter,
reactive ion etching was performed using the Ni pattern as a
mask to form grating grooves at a pitch spacing A of 180 nm
and a length Lg of 1000 um. The depth of the grating grooves
was 300 nm. Further, for forming the optical waveguide for
propagation in y-axis, the grooves each having a width Wm of
3 um and Tr of 0.5 um were processed in the grating portion
by means of excimer laser.

Further, the buffer layer 17 made of SiO, and of 0.5 um was
formed by a sputtering system on the side with the grooves
formed thereon, and a black LN substrate was used as the
supporting body to adhere the face with the grating formed
thereon.

Then, the black LN substrate was adhered onto a polishing
surface plate and the back face of the LN substrate with the
grating was subjected to precision polishing to a thickness
(Ts) of 1 um. Thereafter, it was removed off from the surface
plate and the buffer layer 16 composed of SiO, and of 0.5 in
was formed on the polished face by sputtering. Thereafter, the
assembly was cut into bars by means of a dicing equipment
and both end faces of the bar was subjected to optical polish-
ing. AR coatings of 0.1% or lower were formed on the both
end faces, respectively, and the bar was cut into chips to
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produce the grating devices. The size of the device was a
width of 1 mm and a length L,;,; of 1500 um.

As to the optical characteristics of the grating device, a
super luminescence diode (SLD), a light source for wide band
wavelength, was used to input light into the grating device and
its output light was analyzed by an optical spectrum analyzer
to evaluate the reflection characteristics based on the trans-
mitting characteristics. As a result, it was obtained the char-
acteristics that the central wavelength was 800 nm, maximum
reflectance was 10 percent and full-width at half maximum
Al; was 0.2 nm with respect to polarized light (ordinary
light) in the direction of x axis.

Then, for evaluating the characteristics of the external reso-
nator laser utilizing the grating device, the laser module was
mounted as shown in a separate figure. As the light source
device, it was prepared one having a GaAs series laser struc-
ture, in which a high refractive index film was provided on its
one end face and an AR coating of a reflectance of 0.1% was
provided on the other end face.

Specification of the Light Source Device:

Central wavelength; 800 nm

Length of laser device; 1000 um

Specification of Mounting

Lg: 3 um

Lm; 20 um

After mounting the module, the device was driven under
current control (ACC) without utilizing a Peltier device to
obtain the laser characteristics of a central wavelength of 800
nm and an output power of 50 mW. Further, the module was
set in a thermostatic bath for evaluating the operational tem-
perature range to measure the temperature dependency of the
laser oscillating wavelength, the temperature with the mode
hopping occurred and the deviation of output power. As a
result, the temperature coefficient of the oscillating wave-
length was 0.05 nm/° C., the temperature of the mode hopping
was 6° C., and the deviation of the output power was 10
percent.

The invention claimed is:

1. An external resonator type light emitting system com-
prising a light source oscillating a semiconductor laser light
and a grating device providing an external resonator with said
light source;

wherein said light source comprises an active layer oscil-

lating said semiconductor laser light;

wherein said grating device comprises an optical

waveguide comprising an incident face to which said
semiconductor laser light is incident and an emitting
face of emitting an emitting light having a desired wave-
length, a Bragg grating formed in said optical
waveguide, and a propagating portion provided between
said incident face and said Bragg grating; and

Ahg=0.8 nm
L,=500 pm
L,=500 pm

1n,=21.8

wherein

A represents a full width at half maximum of a peak ofa
Bragg reflectance;

L, represents a length of said Bragg grating;

L, represents a length of said active layer; and

n, represents a refractive index of a material forming said
Bragg grating; and wherein
wherein
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dAro/dT represents a temperature coefficient of a Bragg
wavelength; and

dh/dT represents a temperature coefficient of a wave-
length satisfying a phase condition of an external reso-
nator laser.

2. The system of claim 1, wherein

Lyy=600 pm;
1 pmsZ,<10 pm

20 pm=Z,,<100 pm; wherein

L represents a length of said grating device;

L, represents a distance between an emitting face of said
light source and said incident face of said optical
waveguide; and

L, represent a length of said propagating portion.

3. The system of claim 1, wherein said material of said
Bragg grating is selected from the group consisting of gallium
arsenide, lithium niobate single crystal, tantalum oxide, zinc
oxide and aluminum oxide.

4. The system of claim 1, wherein said light source and said
grating device are optically connected to each other, and
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wherein a total of said length L, of said Bragg grating, said
length L, of said active layer, a distance L, between an
emitting face of said light source and said incident face
of said optical waveguide and a length L, of said propa-
gating portion is 910 um or smaller.

5. The system of claim 1, wherein a reflectance of said
Bragg grating is higher than each of reflectances at a non-
reflecting film on an end face of said active layer on the side
of'said grating device, at a non-reflecting film on said incident
face of said optical waveguide and a non-reflecting film on
said emitting face of said optical waveguide.

6. The system of claim 1, further comprising a buffer layer
provided on said optical waveguide.

7. The system of claim 1, wherein said system is configured
to prevent mode hopping without temperature control.

8. The system of claim 1, wherein said optical waveguide
comprises a ridge-type optical waveguide.

9. The system of claim 1, wherein said light source com-
prises a GaAs series semiconductor.

10. The system of claim 1, wherein said system is config-
ured to oscillate said light in single mode.
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